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Abstract 
In this work we describe a technique, namely Saw Damage Gettering (SDG), which improves the lifetime of highly contaminated 
multi-crystal silicon wafers. The wafers to which it is applied are from the top and bottom of ingots, the so called “red zones” of 
ingots. Such wafers are currently discarded before processing due to high impurity levels which result in low efficiency cells.  
SDG entails an extra annealing step before the saw damage is removed by etching. The effect of the anneal is to dissolve metallic 
precipitates present in the material after casting. On subsequent cooling precipitates are preferentially nucleated in the high defect 
density regions associated with saw damage at the surfaces of the wafer so leaving the concentration of impurities in the bulk of 
the material significantly reduced. The anneal conditions, typically ~850 oC for ~20 minutes, are chosen so that the majority of 
metal precipitates dissolve. The cooling step, taking ~ 30 minutes, is such that the impurities have sufficient opportunity to 
diffuse from the center of the wafer to the damaged regions at the edges. This processing is found to improve carrier lifetimes by 
up to a factor of 4. This enhancement may be sufficient to enable red-zone wafers to be processed in the same manner as other, 
higher quality, mc-Si wafers without sacrificing cell efficiency. SDG is expected to be cost effective and easily incorporated into 
current cell processing procedures. 
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1. Introduction 
Currently over 85% of all solar cells produced are made out of silicon. The cost of producing single-crystal 
silicon, using the Czochralski method, remains the major limitation of this type of material. Multi-crystalline silicon 
(mc-Si), on the other hand, is produced using a much simpler and cheaper casting process.  Solar cells produced 
from mc-Si ingots, however, perform worse than their single crystal counterparts, due partly to the moderate 
concentration of impurities remaining after the casting process. During casting, a large number of impurities present 
in the feedstock are dissolved in the melt. The bottom of the ingot, which solidifies first, has a high level of 
impurities as these diffuse in from the crucible during the remaining solidification process. The top of the ingot is 
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also highly contaminated because impurities segregate into the melt during solidification so resulting in 
progressively higher impurity concentrations as solidification continues. The resulting ingots thus contain 15-20% of 
so called “red zone” material, that is the high impurity regions at the top and bottom of the ingot. In these regions 
the impurity concentration is sufficiently high that the material is no longer suitable for solar cell manufacture[1]. 
Gettering processes are used to produce a reduction in the concentration of contaminants in mc-Si. However, the 
standard methods are not sufficient to recover the quality of red zone material which is thus discarded. In this work 
we propose a simple gettering process, namely Saw Damage Gettering (SDG), which can reduce the impurity 
concentration in red zone mc-Si to a level at which the material may be re-introduced into conventional cell 
manufacturing lines.  
In SDG, wire sawn mc-Si wafers are subjected to a thermal process in which the dislocations and cracks left at 
the wafer surface after sawing [2] provide nucleation sites for impurity precipitation. Gettering of impurities is 
competitive between all gettering sites. Therefore, maximizing gettering to a specific sink is enhanced by the 
removal of other competing sinks. In particular, precipitates initially present in mc-Si wafers are potent impurity 
sinks [3]. Many of these metal precipitates can be removed by annealing at sufficiently high temperatures for 
sufficiently long times. This moves the metallic impurities into solution where, on cooling, they become 
supersaturated. They will then tend to precipitate on any remaining precipitates, at dislocations, grain boundaries or 
other defect sites. The effectiveness of SDG lies in the fact that by far the highest concentration of potential 
precipitation sites is associated with the saw damage present at the wafer surfaces. This potentially enables the 
majority of the metal impurities, which were originally distributed throughout the wafer, to be locked into 
precipitates nucleated on the surface saw damage. A variable cooling rate is used to ensure that the impurities in 
solution in the bulk of the wafer have sufficient time, as cooling progresses, to diffuse to the saw damage regions. 
Longer times are required at the lower temperatures due to decreased diffusivity at these temperatures [4]. After 
SDG it is intended that the wafers are returned to the standard cell processing line where the next step is the 
conventional procedure to chemically remove the damaged surface regions (which now contain most of the metallic 
impurities).   
2. Experimental methods 
1-3cm p-type mc-Si wafers, supplied by REC solar, were used for this work. Wafers were taken from the top 
and bottom red zones. In order to test the effectiveness of SDG pairs of specimens were produced in which one 
wafer still had the saw damage present whilst the other had had it removed. The pairs of specimens were taken from 
immediately adjacent “sister” wafers in the ingot and so had very similar defect distributions. In the following those 
wafers annealed with the saw damage present are considered to have undergone the SDG process, whereas those 
annealed after the saw damage had been removed are termed control specimens. Comparison between the two 
enables the efficiency of the surface damage regions at removing impurities from the bulk to be assessed. The full 
processing to which the wafers were subject is shown in figure 2. For each set of annealing conditions investigated, 
six pairs of sister wafers were used. The data from the SDG specimens and from the control specimens were each 
averaged to produce two data points, one for SDG and one for the control. 
Saw damage was removed, see figure 2, after the SDG anneal (for SDG specimens) or before the anneal (for 
control specimens) by etching for one hour at 60oC in tetramethylammonium hydroxide (TMAH). All wafers were 
given an RCA clean, followed by an HF etch before the anneal step. The wafers were then loaded into a pre-cleaned 
quartz furnace tube and arranged into stacks with wafers separated from each other by cleaned quartz spacers at their 
corners. The tube was flushed with nitrogen for a period of 20 minutes prior to heating to limit oxidation during 
SDG. The tube was inserted into a furnace pre-heated to the set temperature, held a constant temperature for the 
anneal time and then cooled. The cool was arranged such that the cooling rate was slower at lower temperatures, see 
figure 1. In this way the characteristic length for impurity diffusion L = (Dt)1/2 was the same for all temperature 
intervals. For this work D is taken to be the temperature dependent diffusivity of iron. The effect of this cooling 
profile is to maximise the opportunity for impurities to reach the surfaces of the wafer. Specimens were removed 
from the furnace when the temperature reached 500oC. In every experiment the rate of cooling at any particular 
temperature was kept the same and had a value that can be inferred from the graph in figure 1. The cooling process 
was approximately 30 minutes in duration being shorter at lower anneal temperatures. 
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Fig. 1. An example thermal anneal profile. All samples were cooled at the same rate at a given temperature irrespective of the anneal temperature. 
After the anneal SDG samples were given the same TMAH etch as the control samples received before the 
anneal, and then both sets were given an HF dip followed by PECVD deposition of a 70 nm silicon nitride (SiNx) 
layer. These depositions were carried out in a PlasmaLab 80+ reactor supplied by Oxford Instruments. The 
depositions were carried out at 350oC with the process lasting 5 minutes per side. The gas flow rates were 400sccm 
silane, 20sccm ammonia, 600 sccm nitrogen, the PECVD power was 20W. The resulting nitride was tested on a 
1cm, 670μm thick Czochralski wafer which yielded a lifetime of 105μs. After the deposition of the silicon nitride 
layers the lifetime of all wafers tested was then measured using a WCT 120 Sinton lifetime tester operating in quasi-
steady state mode, all lifetimes reported are for injection levels of 1015cm-3.  
 
 
Fig. 2. The processing steps for samples undergoing SDG processing and control samples. The control samples had the saw damage removed by 
a TMAH etch before the anneal took place.  
3. Results and discussion 
Figures 3 and 4 show the effective lifetime for, respectively, bottom and top red zone material processed at 
temperatures between 800 and 980oC. Samples that underwent SDG processing generally showed an improvement 
in effective lifetime relative to control specimens for both top and bottom red zone wafers. However, where the 
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product of the anneal time and temperature is small, the gettering effect is also small or absent. Thus, no effective 
gettering was observed for any time up to 60 minutes at 800oC and, for substantial gettering, times longer than 10 
minutes were required at 850oC. At the highest temperature 980oC, anneals of 20 minutes or longer had a reduced 
effectiveness. We interpret these results as follows: For a low thermal budget insufficient metal precipitates are 
dissolved during the anneal step. Thus, on cooling the bulk still contains substantial impurity concentrations present 
in precipitates whilst those impurities that have entered solution are easily able to precipitate out on the remaining 
bulk precipitates without diffusing to the wafer surface. At the higher temperature of 980oC and times over around 
20 minutes it is assumed that substantial annealing of the saw damage takes place so that on cooling it is no longer 
as effective at nucleating precipitates. For intermediate temperatures and times eg, 850oC for 20-30 minutes it 
appears that essentially complete metallic precipitate dissolution is achieved whilst the surface damage remains a 
sufficiently effective sink that for impurities precipitate there on cooling. When the conditions for effective SDG to 
take place are met the effective lifetime is improved to > 10 ߤs levels, at least for material from the bottom red zone. 
Further work, not presented here, shows that the substantial improvement in lifetime of SDG processed material, 
relative to control specimens, is maintained even after subsequent phosphorus diffusion gettering (the emitter 
formation step).  
Fig. 3. The efficiency of SDG for bottom red zone material. The graphs show effective carrier lifetime (averaged over six specimens for each data 
point) for SDG processed and control specimens. The time and temperature indicated relates to the specimen anneal. Specimens were cooled 
according to the temperature profile shown in figure 1. Effective lifetime was measured at 1015cm-3 injection. The error bars are one standard 
deviation from the six samples measured for each data point. 
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The data shown in figures 3 and 4 seem to indicate that SDG is more effective when processing bottom red zone 
wafers, compared to top red zone material. The top red zone contains a much higher concentration of grown in 
dislocations compared to the bottom zone and these are expected to act as competing nucleation sites relative to the 
surface damaged regions. Thus, it is more likely that impurities once in solution will precipitate on dislocations in 
the bulk of the wafer for top red zone material than for bottom red zone material. Thus, fewer impurities will be 
removed from the wafer in the top red zone material. Additionally the presence of the greater dislocation density in 
this material will have a greater deleterious impact on the carrier lifetime.  
 
 
 
 
 
 
 
Fig. 4. . The efficiency of SDG for top red zone material. The graphs show effective carrier lifetime (averaged over six specimens for each data 
point) for SDG processed and control specimens. The time and temperature indicated relates to the specimen anneal. Specimens were cooled 
according to the temperature profile shown in figure 1. Effective lifetime was measured at 1015cm-3 injection. The error bars are one standard 
deviation from the six samples measured for each data point. 
4. Conclusions 
The initial results presented here show that SDG is an effective technique for increasing the carrier lifetime in 
wafers from both the top and bottom red zones of mc-Si ingots. SDG works well with an anneal temperature of 
approximately 850oC and a duration of ~20 minutes or more. In this work the anneal was followed by a ~30 minute 
cooling step whose profile was chosen to allow optimum diffusion of iron to the wafer surfaces. SDG is a simple 
process with the potential to be used to recycle red zone wafers which are currently unsuitable for cell processing. It 
is envisaged that the process is applied to red zone wafers which are then suitable for standard cell processing 
beginning with the damage etch/texturing step. 
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